ure 1C). It was also blocked by perfusing the cell body with emetine, a protein synthesis inhibitor. Similarly, miHere, we show that five pulses of 5-HT applied selectively to the soma of the sensory neuron produce a cellcroinjection of gelonin, a membrane-impermeant protein synthesis inhibitor, into the sensory cell blocked wide long-term facilitation that requires CREB1-mediated transcription, but that does not persist and is not cell-wide facilitation. Importantly, perfusion of the connections made by the sensory neuron on one of the associated with growth. A similar cell-wide facilitation is obtained by injecting recombinant phospho-CREB1 motor neurons with emetine did not affect cell-wide facilitation, indicating that local protein synthesis in the protein into the sensory neuron. Cell-wide facilitation can be sustained and growth can be captured by a distal sensory cell processes is not required for cellwide facilitation (see Figure 1C ). single pulse of 5-HT. Thus, a single pulse of 5-HT serves two functions. First, it allows for 24 hr facilitation and
The transcription required for cell-wide facilitation is mediated by CREB. Microinjection of sensory cells with growth by means of a PKA-mediated covalent modification. Second, it stabilizes growth and facilitation in a a polyclonal anti-CREB antibody blocked the facilitation induced by cell body application of 5-HT, whereas miprotein synthesis-dependent way to produce facilitation that persists at least 72 hr. By systematically comparing croinjection of preimmune serum had no effect (see Figure 1C) . Thus, application of five pulses of 5-HT to the cell-wide facilitation to synapse-specific facilitation and synaptic capture, we find that each represents a distinct sensory cell body produces a cell-wide facilitation that lasts 24 hr, depends on CREB-mediated transcription, form of CREB-dependent, long-lasting synaptic plasticity. Thus, a single neuron has multiple long-term mechaand occurs in the absence of any short-term facilitation. This indicates that synaptic tagging is not necessary for nisms for temporally and spatially integrating stimuli to produce transcription-dependent long-lasting changes the expression of certain forms of long-term synaptic plasticity. in synaptic strength.
Results

Cell-Wide Facilitation Differs from Synapse-Specific Facilitation and Synaptic Capture in Both Its Onset and Time Course Application of 5-HT to the Sensory Cell Body Produces a Novel Cell-Wide CREB-Dependent
The finding that long-lasting facilitation produced by application of 5-HT to the cell body of the sensory We therefore asked, Does the application of 5-HT rethis difference further, we carried out a more detailed analysis of the time course of facilitation during synstricted to the soma of the sensory neuron initiate facilitation even in the absence of a marking signal? We find apse-specific facilitation, synaptic capture, and cellwide facilitation. As shown in Figure 2A , application of that a single pulse of 5-HT restricted to the cell body of the sensory cell ( Figure 1A ) did not produce any shortfive pulses of 5-HT to the synapse produced shortterm synaptic facilitation at that branch ( Figure 2A ). The term facilitation ( Figure 1B) , confirming that the 5-HT application was indeed restricted spatially. Five pulses EPSP amplitude then decreased at 1 hr, rose gradually at 4 hr and 12 hr, and then reached a peak at 24 hr. The of 5-HT applied to the cell body did, however, induce cell-wide long-term facilitation; measured 24 hr later, the time course of synaptic capture was indistinguishable from that of synapse-specific facilitation ( Figure 3A) . By synaptic strength of both branches increased equally ( Figure 1B) . Thus, a single presynaptic cell can undergo contrast, when five pulses of 5-HT were applied to the cell body of the sensory cell, there was no short-term a 24 hr cell-wide facilitation.
amplitude at both branches after 24 hr (92.11% Ϯ 15.58% at one branch and 82.87% Ϯ 18.30% at the other, n ϭ 8). (**, p Ͻ 0.01, change in EPSP amplitude in cells treated with five pulses of 5-HT to the cell body versus untreated cells, ANOVA and Neuman-Keul's multiple range test.) In control experiments, perfusion of fast green alone did not change the EPSP. Shown are representative recordings of EPSPs and a histogram of the mean change in EPSP amplitude Ϯ SEM. (C) Bath application of actinomycin D (50 g/ml) (actino) for 30 min prior to, during, and 30 min after local application of five pulses of 5-HT blocked neuron-wide long-term facilitation (mean change in EPSP amplitude at 24 hr was 2.42% Ϯ 34.91% at one branch and 12.83% Ϯ 16.38% at the other, n ϭ 5). Microinjection of anti-CREB antibodies (␣-CREB) into the presynaptic sensory neuron 1 hr prior to local application of five pulses of 5-HT also blocked neuron-wide long-term facilitation, while injection of the preimmune serum (pre) had no effect. Local somatic application of 100 M emetine (eme) or presynaptic injection of 25 M gelonin (gel) also blocked neuron-wide long-term facilitation (mean change in EPSP amplitude at 24 hr was 14% Ϯ 9.79% at the one branch and 4.33% Ϯ 13.66% at the other [n ϭ 5] in emetine-treated cell and 9.21% Ϯ 15.10% at the one branch and 1.08% Ϯ 17.85% at the other [n ϭ 4] in gelonin-injected cells). Neuron-wide long-term facilitation was not affected by synaptic application of 100 M emetine ( Synapse-specific facilitation (A 1 and A 2 ) differs from neuron-wide facilitation (C 1 and C 2 ) in both its onset and time course. In addition, synapsespecific facilitation (B 2 ), but not the neuron-wide form (D 2 ), is accompanied by the growth of new synapses. Application of five spaced pulses of 5-HT to one set of terminals induced a short-term facilitation at that branch (A 1 ). This facilitation decreased at 1 hr, rose gradually at 4 hr, continued to increase, reaching a peak at 24 hr and persisted for at least 72 hr (A 1 ). A 2 shows the time course of the EPSP changes at the branch that did not receive any 5-HT (A 1 and A 2 : 10 min, n ϭ 5; 1 hr, n ϭ 5; 4 hr, n ϭ 5; 12 hr, n ϭ 5; 24 hr, n ϭ 7; 48 hr, n ϭ 4; 72 hr, n ϭ 8). (*, p Ͻ 0.05; **, p Ͻ 0.01, change in EPSP amplitude at the one branch versus the opposite branch, Student's t test.) To study the morphological changes accompanying synapse-specific facilitation, carboxyfluorescein-filled sensory neurons were imaged before and 24 or 72 hr after 5-HT treatment. The number of varicosities was counted using a blind procedure. B 1 and B 2 show histograms of the mean change in EPSP amplitude Ϯ SEM and of the varicosity number Ϯ SEM in each branch, respectively (B 1 and B 2 : at 24 hr, n ϭ 5; at 72 hr, n ϭ 5). Synapse-specific facilitation involves synapse-specific growth of new varicosities 24 hr after treatment. Most of the newly grown varicosities persist after 72 hr (*, p Ͻ 0.05; **, p Ͻ 0.01, change in EPSP amplitude in the branch treated with five 5-HT pulses versus the untreated branch, Student's t test, and change in varicosity number in the branch treated with five 5-HT pulses versus the untreated branch, Student's t test). facilitation, and facilitation only began with a delay of 4 growth and persists beyond 72 hr, and the other of which is not associated with growth and does not persist hr and gradually increased between 12 and 24 hr (Figure 2C) 
Growth of New Synapses
We next asked whether the cell-wide process can be apse-specific facilitation was induced by applying five 5-HT pulses to a synapse, the growth of new varicosities converted into a persistent facilitation associated with growth by giving a single pulse of 5-HT to one set of was observed at 24 hr exclusively at the stimulated connection (see also Figure 3B ). We found that synaptic connections immediately after applying five pulses of 5-HT to the cell body. As shown in Figure 3C , when a capture was also accompanied by synaptic growth, both at the branch receiving five pulses of 5-HT and at the sensory cell receives five pulses of 5-HT at its soma and then a single pulse of 5-HT at the connections made branch receiving a single pulse of 5-HT ( Figures 3B and  7A 2 ) . In contrast to synapse-specific facilitation and caponto one motor neuron, the synaptic amplitude at 24 hr was elevated at both the marked synapse and at the ture, when cell-wide facilitation was induced by applying five 5-HT pulses to the cell body, there was no significant unmarked synapse. However, while the synaptic amplitude at the unmarked synapse decreased by 48 hr, the increase in varicosity number at 24 hr ( Figures 2D and  7B 2 ), despite the increase in synaptic amplitude that synaptic amplitude at the marked synapse remained elevated at 48 hr and 72 hr, indicating that the single occurred at both connections ( Figure 2D ). These findings indicate that despite the dependence of both types pulse of 5-HT had marked the synapse for persistent facilitation. Indeed, when five pulses of 5-HT were given of facilitation on CREB-mediated transcription, cellwide facilitation and synapse-specific facilitation differ to the sensory cell body and a single pulse of 5-HT was given to one branch, there was growth of new varicosifrom one another. As a corollary, these results indicate that transcription-dependent long-lasting increases in ties at the marked branch but no growth at the unmarked branch ( Figures 3D and 7B) . Thus, as is the case with synaptic strength can occur in the absence of a local marking signal at the synapse and in the absence of synapse-specific synaptic capture, a single pulse of 5-HT can recruit both growth and persistence at a syndetectable synaptic growth.
The fact that cell body application of 5-HT produced apse when five pulses of 5-HT are given at another site in the neuron, be it the cell body or another synapse. a 24 hr increase in synaptic strength in the absence of synaptic growth led us to examine the long-term persisThese experiments indicate that cell-wide facilitation requires CREB much as does synapse-specific facilitatence of the functional changes in synaptic strength. We found that whereas synapse-specific long-term fation and that the products of CREB activation can also be captured by a synapse to which a single pulse of cilitation and capture persisted for 3 or more days, as long as we followed it (in some cases to 96 hr; data not 5-HT is applied. shown) (Figure 2A ), cell-wide facilitation began to decay to baseline levels after 24 hr ( Figure 2C ).
Repeated Subthreshold Pulses of 5-HT to the Cell Body Can Produce Long-Term Facilitation The observation that only the persistent forms of synaptic plasticity-synapse-specific long-term facilitation at a Marked Synapse What then distinguishes cell-wide from synapse-speand synaptic capture-are accompanied by growth led us to examine growth more systematically. To do this, cific facilitation mechanistically? Why does activation of CREB from a distant synapse not also lead to the we imaged carboxyfluorescein-filled sensory cells, treated them according to the synapse-specific capture or cellactivation of other synapses at 24 hr in the absence of a marking signal? One possibility is that the difference wide protocol, and reimaged them at 72 hr. Both synapse-specific long-term facilitation and synaptic capbetween synapse-specific and cell-wide facilitation is quantitative. Application of repeated pulses of 5-HT to ture were accompanied by growth of new varicosities at 72 hr ( Figure 2B ). On the contrary, cell-wide synaptic a single synapse requires the sending of a retrograde signal from the synapse to the nucleus and might thereplasticity was not accompanied by growth of new synapses at 72 hr ( Figure 2D ). These findings provide furfore be less effective quantitatively in inducing nuclear transcription than direct application of 5-HT to the cell ther evidence that there are at least two different forms of CREB-mediated transcription-dependent, long-lastbody. Moreover, five pulses of 5-HT might cause substantial increases in cAMP in the cell body, and this ing synaptic plasticity: one of which is associated with In contrast, five spaced pulses of 5-HT to the cell body induced a neuron-wide facilitation at both branches, which occurred in the absence of any short-term facilitation at 10 min. The EPSP amplitude began to increase only at 4 hr, peaked at 24 hr but returned to the baseline at both branches by 72 hr (C 1 and C 2 : 10 min, n ϭ 5; 1 hr, n ϭ 4; 4 hr, n ϭ 4; 12 hr, n ϭ 5; 24 hr, n ϭ 10; 48 hr, n ϭ 4; 72 hr, n ϭ 7). persistence and growth, a synaptic mark is needed in Since the cell body is closer to either set of synapses addition to CREB activation. than they are to each other, some of the mark may
The finding that a local synaptic mark is required for diffuse from the cell body down the axon and reach the persistence of each of the three persistent longthe presynaptic terminals of synapses. However, the term processes-synapse-specific facilitation, synaptic amount of the marking signal that diffuses down to the capture, and capture of cell-wide facilitation-raised the synapse may not be comparable to that produced by a question, What is the nature of the synaptic mark? To local mark and may not be sufficient for growth and examine the synaptic mark, we turned to the simplest maintenance. To test this possibility, we attempted to case-synaptic capture at one branch following synproduce cell-wide facilitation in the absence of any apse-specific facilitation at the other branch-and admarking signal by activating the cell-wide process dressed two questions related to the marking signal: (1) downstream from 5-HT, cAMP, and PKA. We therefore What is the time course during which the mark must be injected recombinant phospho-CREB1a protein into the present? and (2) 
t test).
A single pulse of 5-HT given to one branch immediately after five spaced pulses of 5-HT to the cell body of the sensory neuron was also able to capture the cell-wide process at that set of synapses, converting the neuron-wide facilitation (C 1 ) into a synapse-specific facilitation that persisted for at least 72 hr (C 2 ). (C 1 and C 2 : 10 min, n ϭ 5; 1 hr, n ϭ 4; 4 hr, n ϭ 4; 12 hr, n ϭ 5; 24 hr, n ϭ 7; 48 hr, n ϭ 6; 72 hr, n ϭ 6). The time course of the capture of the neuron-wide process was identical to that of synapse-specific facilitation (*, p Ͻ 0.05, change in EPSP amplitude at the one branch versus the opposite branch, Student's t test). Carboxyfluorescein-filled sensory neurons treated according to the capture protocol were imaged as described above. We have previously shown that synapse-specific facilFor synaptic tagging or capture to occur, both the tag and the products of gene expression induced by reitation at 24 hr requires local protein synthesis, but that synaptic capture at 24 hr does not (Martin et al., 1997a) . peated pulses of 5-HT must persist long enough to interact with one another. The time it takes for these products
We now examined whether local protein synthesis was required to stabilize synaptic capture at 72 hr. When the of gene expression to reach a tagged synapse can be broken down into four components: retrograde signaling protein synthesis inhibitor emetine was applied to the synapse that received a single 5-HT pulse, there was from the synapse that is specifically activated to the nucleus to turn on gene expression, gene expression an increase in EPSP amplitude at the "marked" synapse at 24 hr, but that facilitation relaxed to baseline by 72 itself (transcription and translation), anterograde transport of the products of gene expression to the synapse hr ( Figure 6A ). Thus, whereas local protein synthesis is not required for synaptic capture at 24 hr, it is required that captures the gene products, and functional incorporation of these newly synthesized molecules. To begin at 72 hr. These findings suggested, as one possibility, that synto define the kinetics of each of these processes, we carried out two complementary sets of experiments. In aptic growth required local protein synthesis, and that facilitation at 72 hr was blocked because the growth the first set, we asked, How long then does the marking signal persist? To address this question, we gave one was blocked by inhibiting protein synthesis. To test this possibility, we imaged carboxyfluorescein-filled sensory pulse 5-HT immediately, 1 hr or 2 hr before the five pulses of 5-HT, and found that it produced successful cells and then treated one branch with five pulses of 5-HT and the other branch with a single pulse of 5-HT capture of long-term facilitation (see Figure 5A ). However, when one pulse preceded the five pulses by 4 hr, in the presence of inhibitors of protein synthesis. To our surprise, we found that although local protein synthesis no facilitation occurred. These findings indicate that the "tag" set up by the single pulse of 5-HT persists for inhibition blocked facilitation at 72 hr, it did not block synaptic growth at 24 hr ( Figures 6B and 7C 2 ) . However, between 4 and 5 hr.
In the second set of experiments, we asked, What is at the captured synapse the growth did not persist but returned to baseline by 72 hr (Figure 7C 3 ) . These results the time window during which the single pulse of 5-HT is effective in recruiting synapse-specific facilitation?
indicate that local protein synthesis is not required to initiate synaptic growth but is required for the stabilizaAs shown in Figure 5A To determine whether this rapamycin-dependent genes in the nucleus. We previously found that a single component of local protein synthesis was required to presynaptic cell can undergo a transcription-depenstabilize the mark for long-term facilitation and growth, dent, synapse-specific, long-term plasticity and that this we perfused rapamycin onto the set of synapses treated plastic process can be captured at a second stimulated with a single pulse of 5-HT. Rapamycin alone had no (marked) synapse (Martin et al., 1997a ). To explore fureffect on basal synaptic transmission (data not shown) but ther the process of capture and the family of mechablocked the marking component affected by emetine.
nisms that give rise to facilitation, we now show that Synaptic capture was not affected at 24 hr but was stimulation restricted to the cell body of a sensory neucompletely blocked at 72 hr ( Figure 6C ). Rapamycin ron is sufficient to induce long-term facilitation and can perfusion also blocked growth in the captured branch do so in the complete absence of short-term facilitation at 72 hr but not at 24 hr ( Figure 6D ). This rapamycin effect at any other synapse of the neuron (see also Clark and was presynaptic: gelonin injected into the postsynaptic Emptage and Carew, 1993) . Like the synmotor neuron did not block synaptic capture (data not apse-specific process, cell-wide facilitation requires shown). These results demonstrate that the stabilization CREB-mediated transcription. However, whereas branch of growth requires a rapamycin-sensitive component of specific facilitation is associated with the growth of new local protein synthesis. They also imply that a single synaptic connections and persists beyond 72 hr, cellpulse of 5-HT is able to induce translation in sensory wide facilitation is not associated with significant growth cell processes. As shown in Figure 5C , a single pulse and decays within 48 hr. However, once the cell-wide of 5-HT produced a 2-fold increase in TCA-precipitable process has been triggered by five pulses of 5-HT at counts as compared with untreated cultures (p Ͻ 0.05, the cell body, a single pulse of 5-HT applied to any one Student's t test).
synapse can capture growth at that synapse, thereby We previously found that the establishment of synconverting a 24 hr cell-wide process into a more persisapse-specific facilitation was blocked even at 24 hr by tent synapse-specific form. inhibiting local protein synthesis. This suggested that These studies demonstrate that CREB-mediated longthe retrograde signal back to the nucleus necessary to term plasticity is not a unitary phenomenon. In fact, the turn on transcription might require local protein synthesame neuron can undergo four different CREB-medisis (Martin et al., 1997a) . To test whether the component ated forms of long-term synaptic plasticity, depending of local protein synthesis required for retrograde signalon the site and the number of repetitions of modulatory ing also was rapamycin sensitive, we perfused rapainput: synapse-specific long-term facilitation, capture mycin onto the serotonin-treated synapses and found of the synapse-specific form, cell-wide long-term facilithat while long-term facilitation was not affected at 24 hr, tation, and capture of the cell-wide form. Although all it was completely blocked at 72 hr ( Figure 6E) . Similarly, four processes share at least one common nuclear rapamycin did not block the growth of varicosities at 24 mechanism (CREB-mediated transcription), each has hr but completely blocked them at 72 hr ( Figure 6F) . distinct properties. Synapse-specific long-term facilitaThese results show that the retrograde signal necessary tion initiated by five repeated pulses of 5-HT stimuli at to induce synapse-specific long-term facilitation is gena synapse is accompanied by growth, persists for at erated by an emetine-sensitive, rapamycin-insensitive least 72 hr, and requires local protein synthesis for both component of local protein synthesis. In contrast, the its retrograde signal and for the stabilization of growth. stabilization of synaptic growth and the persistence of Capture of the synapse-specific long-term facilitation by long-term facilitation are generated by a rapamycin-sena marked synapse is smaller in amplitude than synapsesitive component of local protein synthesis. specific facilitation but is also accompanied by growth, Taken together, these data demonstrate that 5-HT is is persistent, and requires local protein synthesis only able to activate local protein synthesis and that this local for stabilization. Cell-wide long-term facilitation, genersynthesis has two functions. One function is to stabilize ated by repeated modulatory stimuli at the cell body, is plastic changes. This is achieved by one pulse of 5-HT transient. This cell-wide long-term facilitation, however, and requires rapamycin-sensitive protein synthesis. synaptic tagging and plasticity-factor accounts of late LTP. Neuropharmacology 37, 545-552.
